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Abstract 
The metal-uptake ability known as biomineralization of microorganisms including fungi, yeasts and bacteria has been known for 
a long time. This process caused by metal ion stress response from microorganisms offering an efficient way to extract metal in 
solid state from environment, thus it can be applied in  heavy metals  bioremediation and precious metal recovery. Since metal 
biomineralization is the matter of ion stress response from microorganisms and cyanobacteria is one of the most successful 
organisms on the planet, therefore in this study we try to evaluate the biomineralization potential of cyanobacteria based on their 
genomes using gold biomineralization as a case study. According to our method we found that there are six cyanobacteria strains 
which have high potential for gold biomineralization. 
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1. Introduction 
Microorganisms such as fungi, yeasts and bacteria have been known to have the ability to uptake metal via a process 
known as biomineralization. This process is believed to be related to how the microorganisms cope with the metal ion 
stress found in their living environment. By up taking the dissolved toxic metal ion and accumulate it as solid form in 
their cells1,2, this helps to reduce the metal ion stress from the environment. Common applications that take advantage of 
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this process include bioremediation where microorganisms are used to accumulate heavy metal found in contaminated 
sites. Another emerging application is in precious metal recovery where microorganisms are used to recollect expensive 
metal such as gold that have been dissolved during the treatment process3-9. Reith et al. have identified genes in a 
bacterium called Cupriavidus metallidurans that are associated with gold biomineralization. With this data set, it is 
therefore possible to screen other microorganisms for the presences of this set of genes and their potential in gold 
biomineralization. Since biomineralization process is considered as a kind of stress response mechanism, we hypothesize 
that microorganisms that are very successful at adapting to diverse environments and responding to stress, such as 
cyanobacteria, are very likely possess this ability. The cyanobacteria or blue-green algae are an ancient group of 
prokaryotic organisms that are found all over the world in environments as diverse as Antarctic soils and volcanic hot 
springs and often where no other vegetation can exist10, even NASA has shown an interest in these organisms. 
Cyanobacteria have been taken into space to see if they survive. Cyanobacteria have the capability to carry out oxygen-
producing photosynthesis, using H2O as an electron donor for CO2 reduction, distinguishing them from all other 
prokaryotes. Their long evolutionary history is considered a reason for the success of cyanobacteria in many habitats and 
their wide ecological tolerance11. So nowadays cyanobacteria are found in freshwater, marine and terrestrial 
environments. The presence of a large set of genome sequence data covering diverse species of cyanobacteria makes 
them attractive targets to screen for gold biomineralization potential.  
2. Methods 
In order to screen for goal biomineralization potential in cyanobacteria, we collected a set of protein sequences from 
Cupriavidus metallidurans that are related to gold biomineralization12. This set is made up of 19 protein sequences (Table 
1) that would be used as queries to search against each cyanobacteria. 
Table 1. Nineteen Protein sequence related to gold biomineralization from Cupriavidus metallidurans 
No. Protein ID Annotation 
1 >gi|94312550|ref|YP_585759.1| Organic hydroperoxide resistance protein OhrB, 0smC family [Cupriavidus metallidurans CH34],Rmet_3618 
2 >gi|94312551|ref|YP_585760.1| Organic hydroperoxide resistance transcriptional regulator, MarR-family [Cupriavidus metallidurans CH34],Rmet_3619 
3 >gi|93356404|gb|ABF10492.1| multifunctional enzyme (serine-type endopeptidase / oxidoreductase) (degP / mucD-like) [Cupriavidus metallidurans CH34],Rmet_3620 
4 >gi|94312553|ref|YP_585762.1| hypothetical protein Rmet_3621 [Cupriavidus metallidurans CH34],Rmet_3621 
5 >gi|94312554|ref|YP_585763.1| major facilitator superfamily transporter [Cupriavidus metallidurans CH34],Rmet_3622 
6 >gi|93356407|gb|ABF10495.1|  transcriptional regulator, MarR-family [Cupriavidus metallidurans CH34],Rmet_3623 
7 >gi|94312456|ref|YP_585666.1| copper chaperone, heavy metal ion binding (modular protein) [Cupriavidus metallidurans CH34],Rmet_3525 
8 >gi|94312457|ref|YP_585667.1| porin, OmpW family [Cupriavidus metallidurans CH34],Rmet_3526 
9 >gi|94312458|ref|YP_585668.1| ornithine cyclodeaminase [Cupriavidus metallidurans CH34],Rmet_3527 
10 >gi|94312459|ref|YP_585669.1| aldo/keto reductase [Cupriavidus metallidurans CH34],Rmet_3528 
11 >gi|94313604|ref|YP_586813.1| thiosulfate:quinone oxidoreductase (TQO) small subunit(DoxD domain) [Cupriavidus metallidurans CH34],Rmet_4682 
12 >gi|94313605|ref|YP_586814.1| Thioredoxin-like_fold protein [Cupriavidus metallidurans CH34],Rmet_4683 
13 >gi|94313606|ref|YP_586815.1| hypothetical protein Rmet_4684 [Cupriavidus metallidurans CH34] 
14 >gi|94313607|ref|YP_586816.1| hypothetical protein Rmet_4685 [Cupriavidus metallidurans CH34] 
15 >gi|291481536|ref|YP_586817.3|  RNA polymerase sigma factor [Cupriavidus metallidurans CH34],Rmet_4686 
16 >gi|94313609|ref|YP_586818.1| hypothetical protein Rmet_4687 [Cupriavidus metallidurans CH34] 
17 >gi|94309474|ref|YP_582684.1| putative S-adenosyl-L-methionine-dependent methyltransferase [Cupriavidus metallidurans CH34],Rmet_0529 
18 >gi|94312774|ref|YP_585983.1| methyltransferase, ubiE/COQ5 family [Cupriavidus metallidurans CH34],Rmet_3846 
19 >gi|94313067|ref|YP_586276.1| methyltransferase [Cupriavidus metallidurans CH34],Rmet_4140 
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A total of 57 cyanobacteria genome were obtained from the National Center for Biotechnology Information (NCBI) 
database and are summarized in Table 2. The number of protein sequences found in these genomes ranges from 1,717 to 
6,312 showing great diversity in gene content among cyanobacteria. 
Table 2. List of cyanobacteria genomes used in this study 
Cyanobacteria name Number of Protein Sequence 
Acaryochloris marina MBIC 11017 6,254 
Anabaena cylindrica PCC 7122 5,320 
Arthrospira platensis C1 6,108 
Calothrix sp. PCC6303 5,393 
Calothrix sp. PCC7507 5,950 
Chamaesiphon minutus PCC6605 5,500 
Chloroflexus aurantiacus J-10-fl 3,853 
Chroococcidiopsis thermalis PCC7203 5,408 
Coprococcus catus GD7 draft genome 2,997 
Crinalium epipsammum PCC 9333 4,474 
Cyanobacterium aponinum PCC 10605 3,358 
Cyanobacterium stanieri PCC 7202 2,837 
Cyanobium gracile PCC 6307 3,280 
Cyanothece sp. PCC 7425 4,966 
Cyanothece sp. PCC 7424 5,227 
Cyanothece sp. PCC 7822 5,422 
Cyanothece sp. PCC 8801 4,260 
Cyanothece sp. PCC 8802 4,320 
Cylindrospermum stagnale PCC 7417 5,813 
Dactylococcopsis salina PCC 8305 3,337 
Geitlerinema sp. PCC 7407 3,815 
Gloeobacter violaceus PCC 7421 4,430 
Gloeocapsa sp. PCC 7428 4,687 
Halothece sp. PCC 7418 3,780 
Leptolyngbya sp. PCC 7376 4,228 
Microcoleus sp. PCC 7113 6,027 
Microcystis aeruginosa NIES-843 6,312 
Nostoc azollae 0708 3,589 
Nostoc punctiforme PCC 73102 6,086 
Nostoc sp. PCC 7107 5,237 
Nostoc sp. PCC 7120 5,365 
Nostoc sp. PCC 7524 5,357 
Oscillatoria acuminata PCC 6304 5,705 
Oscillatoria nigro-viridis PCC 7112 5,781 
Oscillatoriales cyanobacterium JSC-12 4,784 
Pleurocapsa sp. PCC 7327 4,268 
Prochlorococcus marinus str. AS9601 1,920 
Prochlorococcus marinus str. MIT 9211 1,855 
Prochlorococcus marinus str. MIT 9303 2,997 
Prochlorococcus marinus subsp. marinus str. CCMP1375 1,883 
Prochlorococcus marinus subsp. pastoris str. CCMP1986 1,717 
Pseudanabaena sp. PCC 7367 3,561 
Rivularia sp. PCC 7116 6,609 
Roseburia intestinalis M501 draft genome 3,491 
Roseburia intestinalis XB6B4 draft genome 3,643 
Ruminococcus sp. SR15 draft genome 3,266 
Ruminococcus torques L2-14 draft genome 2,810 
Stanieria cyanosphaera PCC 7437 4,328 
Synechococcus elongatus PCC 6301 2,523 
Synechococcus elongatus PCC 7942 2,612 
Synechococcus sp. CC9311, complete genome 2,892 
Synechococcus sp. JA-2-3B'a(2-13) 2,862 
Synechocystis sp. PCC 6803 3,179 
Synechocystis sp. PCC 6803_1 3,170 
Synechocystis sp. PCC 6803 substr. PCC-N 3,168 
Thermosynechococcus elongatus BP-1 2,476 
Trichodesmium erythraeum IMS101 4,451 
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 To automate the screening process, we used PERL programming language to create a tool that will automatically take 
a set of target sequences (19 gold biomineralization sequences in this case) and search using the NCBI Standalone 
BLAST applications (BLAST+ version 2.2.28+) against each genome to identify similar sequences. For each BLAST 
search, we used an E-Value cutoff of 10-6 and percentage of query and hit coverage of more than 50 percent as criteria to 
identify significant hits. Finally, BLAST outputs are automatically processed and summary showing genes that are 

















Fig. 1. Overview of the proposed screening method. 
3. Results and discussion 
The BLAST results from each cyanobacteria genome are shown in Table 3, we hypothesized that the potential 
candidate of cyanobacteria for gold biomineralization are Chloroflexus aurantiacus J-10-fl (11 protein sequences 
matched), Anabaena cylindrica PCC 7122 (10 protein sequences matched), Calothrix sp. PCC7507 (10 protein sequences 
matched), Chamaesiphon minutus PCC6605 (10 protein sequences matched), Nostoc sp. PCC 7107 (10 protein 
sequences matched) and Rivularia sp. PCC 7116 (10 protein sequences matched), respectively. The cyanobacteria that 
does not appeared to be good candidates for gold biomineralization are Synechococcus elongatus PCC 6301 (0 protein 
sequences matched) and Cyanothece sp. PCC 7425 (0 protein sequences matched). Nonetheless we could not conclude 
that these two strains are incapable of responding to heavy metal ion stress, instead we hypothesized that they might have 
different means of reducing heavy ion stress.  
Our automated BLAST tool helped to speed up this kind of work immensely. Initially, it took us two days to compare 
our gold biomineralization sequences to six genomes of cyanobacteria. However, with the help of our tool we are able to 
search through 57 genomes and obtained raw results in less than a minute. The availability of this tool will greatly 
facilitate other researchers who are interested in performing similar tasks using a different target sequence set to search 
other genomes of interest. 
Table 3. BLAST result 
Cyanobacteria Genome Number of hit Sequence 
Chloroflexus aurantiacus J-10-fl 11 
Anabaena cylindrica PCC 7122 10 
Calothrix sp. PCC7507 10 
Chamaesiphon minutus PCC6605 10 
Nostoc sp. PCC 7107 10 
Rivularia sp. PCC 7116 10 
Acaryochloris marina MBIC 11017 9 
Chroococcidiopsis thermalis PCC7203 9 
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Cyanothece sp. PCC 7822 9 
Cylindrospermum stagnale PCC 7417 9 
Geitlerinema sp. PCC 7407 9 
Gloeocapsa sp. PCC 7428 9 
Nostoc punctiforme PCC 73102 9 
Oscillatoria nigro-viridis PCC 7112 9 
Synechococcus sp. JA-2-3B'a(2-13) 9 
Calothrix sp. PCC6303 8 
Coprococcus catus GD7 draft genome 8 
Crinalium epipsammum PCC 9333 8 
Cyanobacterium aponinum PCC 10605 8 
Gloeobacter violaceus PCC 7421 8 
Microcoleus sp. PCC 7113 8 
Nostoc sp. PCC 7524 8 
Oscillatoriales cyanobacterium JSC-12 8 
Cyanobacterium stanieri PCC 7202 7 
Cyanobium gracile PCC 6307 7 
Cyanothece sp. PCC 7424 7 
Cyanothece sp. PCC 8801 7 
Cyanothece sp. PCC 8802 7 
Dactylococcopsis salina PCC 8305 7 
Halothece sp. PCC 7418 7 
Leptolyngbya sp. PCC 7376 7 
Microcystis aeruginosa NIES-843 7 
Nostoc azollae 0708 7 
Nostoc sp. PCC 7120 7 
Oscillatoria acuminata PCC 6304 7 
Pleurocapsa sp. PCC 7327 7 
Pseudanabaena sp. PCC 7367 7 
Stanieria cyanosphaera PCC 7437 7 
Synechococcus elongatus PCC 7942 7 
Synechocystis sp. PCC 6803 7 
Synechocystis sp. PCC 6803_1 7 
Synechocystis sp. PCC 6803 substr. PCC-N 7 
Thermosynechococcus elongatus BP-1 6 
Trichodesmium erythraeum IMS101 6 
Arthrospira platensis C1 5 
Prochlorococcus marinus str. MIT 9303 5 
Prochlorococcus marinus subsp. marinus str. 
CCMP1375 5 
Ruminococcus sp. SR15 draft genome 5 
Ruminococcus torques L2-14 draft genome 5 
Synechococcus sp. CC9311, complete genome 5 
Prochlorococcus marinus str. AS9601 3 
Roseburia intestinalis M501 draft genome 3 
Roseburia intestinalis XB6B4 draft genome 3 
Prochlorococcus marinus str. MIT 9211 2 
Prochlorococcus marinus subsp. pastoris str. 
CCMP1986 2 
Cyanothece sp. PCC 7425 0 
Synechococcus elongatus PCC 6301 0 
 
Based on the data we could try to group cyanobacteria according to their biomineralization potential, in the next step 
we might try to identify the genes which are common in this group which may further reveal more genes related. 
biomineralization. Lastly, to prove that the genes hit we found in cyanobacteria would actually play an important role in 
biomineralization a wet lab based research has to be conducted. 
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Appendix A. Perl script for the automated BLAST tool for screening of Cyanobacteria  implemented with input 
and output via DropBox for this case study. 
#!/usr/bin/perl -w 
 
my $directory = './testgenome'; 
opendir (DIR, $directory) or die $!; 
#Store target file name in an array 
my @file = readdir(DIR); 
closedir(DIR); 
chdir './testgenome'; 
#call blast db 
for($j=0;scalar(@file)>$j;$j++) { 
 my $db_output = "D:/DropBox/Sequence_analysis/Project/DB/$file[$j]"; 
 next if $file[$j] !~ /.txt$/; 
 system("d:/DropBox/Sequence_analysis/Project/GOLD/blast-2.2.27+/bin/makeblastdb.exe", "-in", "$file[$j]", "-
dbtype", "prot", "-out", "$db_output"); 
} 
# call blastp 
my $format = "6 qseqid sseqid evalue qlen length ";#out format 6 tabular with Query sequenceID, Subject sequenceID, e-
value, query length, alignment length 
for($j=0;scalar(@file)>$j;$j++) { 
 next if $file[$j] =~ /^\./; 
 print "Blasting $file[$j]\n"; 
 print ".\n"; 
 print ".\n"; 
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 print ".\n"; 
 my $blast_output = "d:/DropBox/Sequence_analysis/Project/BlastResult/$file[$j]"; 
 my $blast_db = "D:/DropBox/Sequence_analysis/Project/DB/$file[$j]"; 




#process blast result 
#creating annotation column 
my %hash; 
my @head; 
print "Getting genes function..."; 
for($j=0;scalar(@file)>$j;$j++) { 
 next if $file[$j] =~ /^\./; 
 unless ( open(IN, $file[$j]) ) { 
 print "Cannot open file \"$file[$j]\"\n\n"; 
 exit; 
 } 
 while (<IN>) { 
  if ($_ =~ />/) { 
   $extract = $_; 
   @head = split(/\s/, $extract, 2); 
  } 




my $blast_result = "D:/DropBox/Sequence_analysis/Project/BlastResult"; 
opendir (DIR, $blast_result) or die $!; 




 if ($result[$i] =~ /^\./) { 
  next; 
 }  
 print "Calculating sequence %coverage in $result[$i]\n\n"; 
 print "selecting significant hit in $result[$i]\n\n"; 
 unless ( open(ARRAY, $result[$i]) ) { 
  print "Cannot open file \"$result[$i]\"\n\n"; 
  exit; 
 } 
#open file handler 
 open (OUTFILE, ">D:/DropBox/Sequence_analysis/Project/processed_result2/$result[$i]") or die "can not open 
file D:/DropBox/Sequence_analysis/Project/processed_result/$result[$i]"; 
 open (OUTFILE2, ">D:/DropBox/Sequence_analysis/Project/cutoff/$result[$i]") or die ""; 
#process file 
 #print table head 
 print OUTFILE "Query\t Subject\t Annotation\t e-value\t Query_Length\t Alignment_length\t %coverage\n"; 
 print OUTFILE2 "Query\t Subject\t Annotation\t e-value\t Query_Length\t Alignment_length\t %coverage\n"; 
 while (<ARRAY>){ 
  chomp; 
  (my $column1, my $column2, my $column3, my $column4, my $column5) = split("\t"); 
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  my $column6 = sprintf("%.1f",($column5/$column4*100)); 
  my $annotation = $hash{">$column2"}; 
  chomp $annotation; 
#writing file 
 print OUTFILE "$column1\t $column2\t $annotation\t $column3\t $column4\t $column5\t $column6\n"; 
  if($column6 >= 50){#selecting hit with more than or equal to 50% 
   print OUTFILE2 "$column1\t $column2\t $annotation\t $column3\t $column4\t $column5\t 
$column6\n"; 
  } 
 } 
close (OUTFILE); 
close (OUTFILE2); 
close (ARRAY); 
} 
 
